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samples (respectively). Median Cryptosporidium and Giardia oo/cyst concentrations in positive 27 effluent samples was 1.3 × 10 3 cysts g -1 (range 393-1.5x10 4 ) and 1.5 × 10 4 oocysts g -1 (range 759-28 4.8x10
3 ) respectively. These findings have important implications for the sheep meat industry 29 because Cryptosporidium and Giardia have both been associated with reduced carcase productivity 30 in sheep, and the contamination of lamb carcases and watersheds with zoonotic species have 31 important public health consequences. 32 79
DNA isolation 80
Genomic DNA was extracted from 200mg of each faecal and effluent sample using a using a 81
Power Soil DNA Kit (MolBio, Carlsbad, California). Effluent samples were processed before DNA 82 extraction by mixing, then 50 ml for each sample was centrifuged at 3,500 × g for 10 min, the 83 supernatant discarded and the pellets were saved for DNA extraction. A negative control (no faecal 84 sample) was used in each extraction group. 85 86
PCR amplification and genotyping 87
All samples were screened at the actin locus for Cryptosporidium and the glutamate 88 dehydrogenase (gdh) locus for Giardia using quantitative PCR (qPCR) assays previously described 89 (Yang et al., 2014a; 2014b) . Target copy numbers detected were converted to numbers of oocysts 90 based on the fact that the actin gene in Cryptosporidium is a single copy gene (Kim et al., 1992) and 91 there are 4 haploid sporozoites per oocyst. Therefore, every 4 copies of actin detected by qPCR 92 were equivalent to 1 oocyst. 93
Positives were also amplified at the 18S ribosomal RNA (rRNA) locus using a nested 94 protocol previously described (Ryan et al., 2003) . All positives were screened using a C. parvum 95 and C. hominis specific qPCR at a unique Cryptosporidium specific gene (Clec) that codes for a 96 novel mucin-like glycoprotein that contains a C-type lectin domain (CTLD) previously described 97 isolates was performed using a two-step nested PCR to amplify a ~832 bp fragment of the gp60 99 gene as described . Subtyping of C. ubiquitum was performed using a two-step 100 nested PCR to amplify a ~ 948 bp fragment of the gp60 gene as described (Li et al., 2013) . Giardia 101 positives were typed using assemblage specific primers at the triose phosphate isomerase (tpi) locusPCR contamination controls were used including negative controls and separation of 104 preparation and amplification areas. The amplified DNA fragments from the secondary PCR 105 product were separated by gel electrophoresis and purified using an in house filter tip method and 106 used for sequencing without any further purification as previously described (Yang et al., 2013 Oo/cyst shedding concentrations were compared using univariate general linear models and least 123 square differences post hoc tests. For analyses of oo/cyst concentration in faecal samples collected 124 at saleyards, the site (saleyard) and month (sampling occasion) were included as fixed factor 125 variables. For analyses of oo/cyst concentration in effluent samples, sample source (inlet or outlet 126 pipe) and month (sampling period) were included as fixed factor variables. 127
Results 129

Prevalence and oo/cyst concentration of Cryptosporidium and Giardia in sheep faeces at 130 saleyards 131
Cryptosporidium and Giardia oocyst prevalence and faecal concentration (shedding) in 132 faecal samples collected at saleyards are shown in Table 1 . Cryptosporidium point prevalence 133 ranged from 5.0 to 10.3% across the sampling occasions (Table 1) 
. No difference in 134
Cryptosporidium prevalence was observed between sites (saleyards) overall, nor for any specific 135 occasion where samples were collected from both sites (P>0.100; Table 1 ). Within sites, there was 136 no effect of sampling occasion on Cryptosporidium prevalence for either saleyard (P>0.100). 137
There was no significant main effect of site (saleyard) or sample occasion, nor any 138 significant interactions between site or sample occasion on oocyst shedding concentration for 139
Cryptosporidium (P>0.100). 140
There was no difference in Giardia prevalence between sites (saleyards) overall, with May 141 the only occasion where there was a difference in point prevalence between saleyards, whereby 142 Saleyard B had 14% higher prevalence than Saleyard A (P=0.031; Table 1 ). Within sites 143 (saleyards), there was an effect of sampling occasion on Giardia prevalence only for Saleyard B 144 (P<0.001), whereby the point prevalences observed at the May and June collections were higher 145 than for July (Table 1) . 146
Main effects for Giardia cyst concentration were observed for both site (P=0.049) and 147 month (P=0.002), with higher cyst concentration observed in May compared with April (P=0.015), 148
June (P=0.040), July (P<0.001) and August (P=0.009). There was also a significant interaction 149 between site and sampling occasion for Giardia cyst concentration in faeces (P=0.014) whereby 150 cyst concentration was higher in samples from Saleyard B at the May sampling (P=0.017) with no 151 significant differences observed for June or July. 152 153
Cryptosporidium and Giardia in abattoir effluent
Cryptosporidium and Giardia oocyst prevalence and concentration in abattoir effluent 155 samples are shown in Table 2 . Cryptosporidium was identified at all four sampling periods 156 collected between April and July (Table 2) . Point prevalence for Cryptosporidium in effluent 157 samples ranged from 8.3% to 16.7% across the overall sampling period (Table 2) . Overall, no 158 difference in Cryptosporidium prevalence in effluent samples was observed between source (inlet or 159 outlet; P>0.100) or period (P>0.100). Within sources (inlet or outlet), there was no effect of 160 sampling period on Cryptosporidium point prevalence (P>0.100). Within periods (months), there 161 was no effect of source (inlet/outlet) on Cryptosporidium prevalence (P>0.100). 162
There was no main effect observed for sample period (month) or source (inlet/outlet), nor 163 any significant interaction between sample period and source on oocyst concentration for 164
Cryptosporidium in effluent samples (P>0.100). 165
Giardia was identified at three of the four sampling periods (Table 2) . Giardia point 166 prevalence in effluent samples ranged from 0% to 16.7% across the overall sampling period (Table  167 2). Giardia was not identified in any of the effluent samples (inlet or outlet) collected in July or in 168 the outlet sampling sites during the May and June sample collections. Overall, no difference in 169
Giardia prevalence in effluent samples was observed between source (P>0.100) or period 170 (P>0.100). Within sources (inlet or outlet), there was no effect of sampling occasion on Giardia 171 point prevalence (P>0.100). Within periods (months), there was no effect of source on Giardia 172 prevalence (P>0.100). 173
There was no main effect observed for sample period (month) or source (inlet/outlet), nor 174 any significant interaction between period and source on cyst concentration for Giardia in effluent 175 samples (P>0.100). 176 For Cryptosporidium, twenty-four out of thirty-one qPCR positive isolates from faeces were 182 successfully genotyped. Three Cryptosporidium species were identified; C. parvum (16.7%, 4/24), 183 C. ubiquitum (37.5%, 9/24) and C. xiaoi (45.8%, 11/24). Subtyping of C. parvum and C. ubiquitum 184 isolates at the gp60 locus, revealed that all four C. parvum isolates belonged to the IId subtype 185 (IIdA18G1) and the nine C. ubiquitum isolates belonged to XIId subtype family. 186
For Giardia, twenty-seven out of the thirty positives were successfully genotyped. Of these, 187 8/27 (29.6%) were assemblage A and 22/27 (81.5%) were assemblage E. 188 189
Discussion 190
This study identified an overall prevalence of 6.5% for Cryptosporidium and 6.3% for 191
Giardia in faeces collected from sheep at saleyards in Western Australia. Cryptosporidium and 192
Giardia were also identified in 10.4% and 5.2% of abattoir effluent samples respectively. For Giardia, the non-zoonotic assemblage E was responsible for the majority (81.5%) of 232 positive isolates typed, whereas the potentially zoonotic Assemblage A was identified in 29.6% of 233 positive isolates typed. Previous studies have also reported that assemblages E and A are the 234 dominant assemblages infecting sheep, with assemblage E usually more prevalent (Feng and Xiao, 235 2011; Yang et al., 2014b) . 236
The range of Cryptosporidium oocyst shedding concentration in faeces collected at sale 237 yards was similar to a previous study that examined oocyst shedding concentrations in lambs on 238
Australian farms that reported that the range of oocyst shedding in lambs on-farm in the pre-239 slaughter period ranged from 260 to 4.8 × 10
7 oocysts g -1 in positive samples (Yang et al., 2014a) . 240
Similarly, the range of Giardia cyst shedding concentration in faeces collected at sale yards in the 241 present study was comparable with a previous Australian study that reported Giardia cyst shedding 242 concentration in lambs on-farm ranged from 63 to 4.7 × 10 9 cysts g -1 in positive samples in the pre-243 slaughter period (Yang et al., 2014b) . 244
The factors that determine oo/cyst shedding (both prevalence of animals shedding and 245 concentration in faeces) in sheep are not well described, but age is likely to have a significant 246 impact with younger animals more susceptible to infection. The role of common stressors in sheep 247 meat enterprises (for example, transport, curfew-lairage periods during which feed and water is 248 withheld, mixing of groups of animals, seasonal factors and management practices such as 249 shearing) may affect meat quality, and potentially affect shedding of zoonotic pathogens in faeces, 250 although the impact on these factors on pathogen shedding have not been well described. There is 251 evidence that for bacteria at least, protracted fasting may cause the bacterial load to be more 252 hazardous (Pointon et al., 2012) . The time spent off feed prior to sampling was not known for the 253 lines of sheep sampled in the present study. Prevalence and median shedding concentration of 254 oo/cysts in faeces would be expected to increase where sheep are consigned to slaughter via 255 saleyards (compared with consignment directly from farms) and therefore subjected to protractedtransport between saleyards and abattoirs. Further studies are required to determine the changes in 258 prevalence and faecal concentration of pathogens resulting from pre-slaughter stressors that may 259 occur between the farm gate and slaughter. 260
Apart from potential for contamination of carcasses and meat products, Cryptosporidium 261 was identified in abattoir effluent (inlet or outlet) at all four sampling occasions and Giardia was 262 identified at three out of four sampling occasions. This has implications for the management of 263 effluent waste-water from abattoirs. Giardia was not identified in effluent samples collected in July 264 or at the outlet location in May and June. This may reflect seasonal variation in shedding by sheep 265 in lairage, different sources of sheep in lairage through that period, variation in cyst distribution 266 through the effluent pond or the sample collection protocol (50ml samples collected at two 267 locations) failing to identify Giardia cysts at low concentration in effluent. 268
In conclusion, this study identified Cryptosporidium and Giardia, including potentially 269 zoonotic species, in faeces from sheep at saleyards and in abattoir effluent. These organisms have 270 potential to contaminate sheep carcases with important implications for public health. 
